Organic light emitting material direct writing is demonstrated based on nanomaterial enabled laser transfer. Through utilization of proper nanoparticle size and type and the laser wavelength choice, a single laser pulse could transfer well-defined and arbitrarily shaped tris-͑8-hydroxyquinoline͒Al patterns ranging from several microns to millimeter size. The unique properties of nanomaterials allow laser induced forward transfer at low laser energy ͑0.05 J / cm 2 ͒ while maintaining good fluorescence. The technique may be well suited for the mass production of temperature sensitive organic light emitting devices.
Organic light emitting diode ͑OLED͒ displays have a number of desirable features such as high contrast and brightness, wide color range, thin structure, and light weight, among others. 1 However, traditional lithography and thermal evaporation deposition techniques have significant disadvantages, including the need for masks that are typically difficult to make to the required specifications at a reasonable price. Therefore, OLED display manufacturing employs direct write techniques including ink jet printing, 2-4 screen printing, 5 and laser induced forward transfer ͑LIFT͒. 1, [6] [7] [8] [9] Solution processible direct write technologies such as inkjet printing and screen printing are subject to the need for solvent removal and the contamination into the deposited material. Additionally, the minimum feature size is heavily influenced by the properties of the fluid used to deliver the material of interest, and multilayer structure fabrication is difficult. 9 LIFT techniques pattern and transfer materials of interest by laser induced localized thermal evaporation or chemical decomposition of dynamic release layer. This dynamic release layer is the crucial part of the LIFT process and can be ͑1͒ a part of material of interest, ͑2͒ designed light absorbing thin intermediate layers in laser induced thermal imaging, 6, 7 or ͑3͒ a mixture of active or sensitive material in an ultraviolet ͑UV͒ absorbent matrix in matrix assisted pulsed laser evaporation direct writing 8 process. 10 LIFT and several variations have demonstrated deposition of metals, metal oxide films, ceramics, polymer, and biomaterials. 10, 11 Most notable recent advance in LIFT technique is the OLED pixel fabrication using dialkyltriazene polymer as an UVabsorbing and decomposing intermediate sacrificial layer compared with thermal decomposition. 9 However, most LIFT based OLED material transfer techniques still exhibit a number of limitations such as laser selection ͑wavelength, fluence͒, resolution, and edge sharpness. Most LIFT based techniques apply UV or infrared ͑IR͒ laser with relatively high laser fluences ͑1-10 J/ cm 2 ͒ to obtain enough pressure for ablative material transfer. UV or IR lasers require complex and expensive optical delivery systems. Furthermore, without strict design of light absorbing layer, high power UV or IR lasers incur high possibility for organic material damage during the LIFT process, since organic materials generally have strong UV and IR absorption bands attributed to electronic and vibrational transitions, respectively. Besides thermal degradation, high laser threshold laser can also induce mechanical cracks on the transferred material and problem in edge sharpness. Also resolution was usually limited to 50 to 100 m.
In this letter, we report a nanomaterial enabled laser transfer ͑NELT͒ to facilitate the high resolution patterning and transfer of the heat-sensitive OLED material with more versatile laser wavelength selection and one or two order smaller laser energy than conventional LIFT processes. This is characterized by the introduction of an efficient light absorbing, loosely connected nanomaterial layer and the choice of laser wavelength that although strongly absorbed by the properly engineered nanomaterial, interacts only weakly with the organic material of interest, leading to effective evaporation and transfer of the material with less damage potential.
The illustration of the NELT process and the donor multilayer is shown in Fig. 1͑a͒ . Either a large area homogenized beam or a tightly focused Gaussian beam of neodymium-doped yttrium aluminum garnet ͑Nd:YAG͒ pulsed laser ͑wavelength= 532 nm, pulse width= 5 ns͒ was applied normally to the donor substrate to induce the local heating of nanoparticle ͑NP͒ and the transfer of a target film onto a receptor substrate. The homogenized Nd:YAG laser beam cross section was shaped to a 0.9ϫ 0. The donor was composed of three parts: transparent substrate ͑borosili-cate glass slide͒, laser-to-heat conversion layer ͑nanomateri-als͒, and target material ͑OLED material͒. Self-assembled monolayer ͑SAM͒ protected, 30-40 nm sized silver ͑Ag͒ NPs were used as the laser absorbing and dynamic releasing layer by spin-coating on the glass substrate to form a 100-200 nm layer. The SAM coating serves to stabilize the Ag NPs and prevent coalescence into a bulk film. 12 The optical property measurement by spectroscopic ellipsometry ͓Fig. 1͑b͔͒ shows the NP film has strong absorption around 530 nm, facilitating highly efficient absorption of Nd:YAG laser to the NPs while the polymer material exhibits little absorption. The target OLED material was tris-͑8-hydroxyquinoline͒Al ͑Alq 3 ͒ layer deposited by a resonant infrared pulsed laser deposition ͑RIR-PLD͒ technique 13 to form 200-300 nm Alq 3 layer on top of Ag NP film. RIR-PLD was done by free-electron laser at Vanderbilt University with the wavelength of 6.67 m, which corresponds to the resonance peak of Alq 3 absorption in IR, 5 s pulse width, and fluence of 1.5 J / cm 2 at 30 Hz for 2-3 min. The donor substrate was then placed on top of the receptor substrate with a small gap ͑d Ͻ 100 m͒ in an ambient air environment. The receptor substrate was a glass substrate with a thin polydimethylsiloxane ͑PDMS͒ layer on top as an adhesion promoter.
Figures 2͑a͒-2͑c͒ show fluorescence pictures of ͓Fig. 2͑a͔͒ a donor substrate and ͓Figs. 2͑b͒ and 2͑c͔͒ transferred Alq 3 patterns on a receptor after homogenized Nd:YAG laser transfer. The black squares in Fig. 2͑a͒ mark donor regions where single laser pulses ͑0.07 J / cm 2 ͒ transferred corresponding green Alq 3 patterns ͑0.9ϫ 0.9 mm 2 squares with 2 mm pitch͒ on a receptor substrate ͓Fig. 2͑b͔͒. Figures 2͑d͒  and 2͑e͒ show the scanning electron microscope ͑SEM͒ cross sectional pictures of an original donor ͓Fig. 2͑d͔͒ and near the laser beam edge after the laser transfer ͓Fig. 2͑e͔͒. The micrograph of individual transferred Alq 3 patterns ͓Figs. 2͑b͒ and 2͑c͔͒ and SEM picture ͑not shown here͒ indicate that the transfer was successful with well-defined edges and strong fluorescence without any visible cracks on the Alq 3 surface. This NP layer can be used as metal electrodes after low temperature sintering. 4 Additionally, excitation of localized surface plasmons of Ag NPs can be used for surface plasmon enhanced photoluminescence.
14 Nanomaterials exhibit remarkable properties that may be substantially different from those observed in the bulk counterparts.
Note that the typical laser fluence ͑0.05-0.12 J / cm 2 ͒ used for NELT based on Ag NPs is considerably lower than the reported ablative laser transfer processes with light absorbing thin films ͑0.25-5 J / cm 2 ͒ 7-9 due to strong light absorption of loosely bonded NPs. [15] [16] [17] Proper selection of NP size, size distribution, as well as the material type, may allow highly efficient laser energy coupling via tuning to an absorption peak. Noble metal NPs such as Au and Ag exhibit strong absorption peaks in the visible wavelength region that are typically not observed in the bulk materials due to surface plasmon modes. 15 For efficient energy absorption, the deposited energy may be more confined to the laser focal zone due to the reduced thermal diffusion of NP thin films. This implies that the relatively lower thermal conductivity of a NP thin film reduces the rate of lateral energy dissipation, thereby facilitating the heating, evaporation, and transfer processes. The low thermal conductance of the alkanethiol SAM is due to the vibrational mismatch between the NP solid core and the surface coating as reported by several researchers. 18, 19 The melting temperature depression may also enable ablation driven by the nanomaterial melting and vaporization at much lower laser energies than for bulk materials. [15] [16] [17] Upon reaching the SAM desorption temperature ͑typically at about 150-250°C͒, the SAM coating may be removed. At this stage, molten NPs agglomerate to form larger particles or are expelled by the pressure built up from the volatile species expansion attributed to desorbed SAM, vaporized residual organic solvent, and trapped gases. Additionally, due to the presence of the SAM coating, the NPs may be held together by weak physical van der Waals force compared with the strong metal bonding in thin metal film. Therefore, the expulsion may be enhanced by the relatively weak bonding between the NPs. Due to the combined aforementioned effects, NELT results in laser transfer at relatively smaller laser energy with minimal thermal damage to the target OLED material. The Alq 3 square pattern showed a strong decrease in fluorescence intensity when the temperature exceeds approximately 350°C ͓Fig. 2͑f͒͑C͔͒, while same sized, laser transferred patterns ͓Fig. 2͑f͒͑B͔͒ showed similar fluorescence intensity with original Alq 3 patterns ͓Fig. 2͑f͒͑A͔͒. Therefore, the Alq 3 layer can be speculated not to encounter higher temperatures than 350°C during the laser transfer process.
Figures 3͑a͒-3͑d͒ show step and pixelized transfer of Alq 3 patterns by irradiation of a large area homogenized laser beam ͑of approximately millimeter size͒, while Figs. 3͑e͒-3͑g͒ depict Alq 3 patterning by raster scanning tightly focused Gaussian laser beam ͑Ͻ10 m͒. The green letters "LTL" ͓Figs. 3͑a͒͑iii͒, 3͑c͒ and 3͑d͔͒ and the star shapes ͓Figs. 3͑a͒͑iii͒, 3͑a͒͑ii͒, and 3͑b͔͒ ͑acronyms for Laser Thermal Laboratory͒ correspond to regions where the laser irradiation resulted in the transfer of the Alq 3 material from the donor substrate to the receptor substrate. The LTL letters were formed from combining the 0.9ϫ 0.9 mm 2 squares with a single laser pulse ͑0.072 J / cm 2 ͒. Raster scanning of ͓Fig. 3͑e͔͒ 5ϫ and ͓Fig. 3͑f͔͒ 50ϫ objective lens focusing transferred Alq 3 microdot arrays ͑5 ϫ :20-25 m, 50ϫ :3 m͒. When the pitch between microdots was reduced, continuous, large area ͑1 mm 2 ͒ square patterns could be achieved ͓Fig. 3͑g͔͒.
In summary, the NELT method was demonstrated to directly pattern and transfer Alq 3 through laser absorbing layer engineering. The combined effects of melting temperature depression, lower conductive heat transfer loss, strong absorption of the incident laser beam, and relatively weak bonding between NPs during laser irradiation result in the transfer of patterns with very sharp edges at relatively lower laser energy than commonly used, thus inducing minimal damage to the target OLED material with no evidence of cracks. This technique can be applied to a broad range of laser wavelengths with proper selection of NP size and size distribution, as well as the material type. Additionally, NELT may be particularly advantageous for the mass production of temperature sensitive devices.
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